Reversible results for the adsorption of benzene, toluene and n-heptane vapours on mercuryhave been obtained. The films were found to be gaseous and obeyed the Volmer equation A number of phase changes were found to occur after the completion of monolayer adsorp tion, the m ost striking being interpreted as the change over from 'fla t' to 'v ertica l' adsorp tion of the toluene m olecules. Others were thought to be either two-dimensional condensa tion or adsorption of a second layer.
the films m ight be im mobile was considered and the Langmuir equation was applied but found unsatisfactory.
A standard state for the surface phase was defined and the free energy, total energy and entropy o f adsorption evaluated. The heat o f adsorption was shown to increase w ith the am ount on the surface.
A number of phase changes were found to occur after the completion of monolayer adsorp tion, the m ost striking being interpreted as the change over from 'fla t' to 'v ertica l' adsorp tion of the toluene m olecules. Others were thought to be either two-dimensional condensa tion or adsorption of a second layer.
Much of the published work on the surface tension of mercury in the presence of vapours is qualitative rather than quantitative, and in some cases grave doubts arise as to the purity of the mercury used. The present investigation was under taken with the intention of throwing further light upon the following points:
(1) The determination of quantitative energies of adsorption of simple molecules on mercury to give the magnitude of the van der Waals or exchange forces involved.
(2) The nature of the monolayer films formed on mercury.
(3) The conditions governing the formation of multilayers or lenses on mercury, which is an ideal medium for examining changes at vapour pressures approaching the saturation value, because of the homogeneity of the surface and the absence of capillaries.
Iredale (1923, 1924 and 1925) described the adsorption of a number of vapours. He found th a t the adsorption was largely reversible except in the case of methyl iodide. Unfortunately, as pointed out by Burdon (1932) , the sessile drop used was not of sufficient size to justify the application of the Worthington (1885) equation to calculate the surface tension, but by chance the errors approximately cancelled. Thus Iredale's results can only be taken as qualitative data. In all cases the curves for the surface pressure against the vapour pressure were concave to the pressure axis, indicating a departure from perfection of the adsorbed film due to the size of the molecules. % Micheli (1927) obtained a series of curves for the lowering of the surface tension of mercury by the vapour of the hydrocarbons C5-C 8, again concave to the pressure axis. The effect on the surface tension per additional CH3 group was approximately three-fold, a factor which has been mentioned in connexion with the adsorption of vacuum grease on mercury (Kemball 1946) . Cassel & Salditt (1931) and Cassel (1931) carried out the most extensive study of the adsorption of vapours on mercury. They worked with the simple alcohols, water, nitromethane, benzene, hexane and o/cZohexane. They reported no adsorption of water, and a considerable pressure of the lower alcohols was required in order to produce a noticeable lowering of the surface tension. In fact, they concluded th a t the polarizability of the molecule was more important for adsorption than dipole moment. However, their initial value for the surface tension of mercury was Only 455 dynes/cm. a t 50° C, which, coupled with the results to be described shortly for the adsorption of water and the alcohols, points to the correctness of Adam's sugges tion th at their mercury was contaminated (1941) , and further, th at the contamination was non-polar in nature.
Bosworth (1932, 1939) adsorbed the lower fatty acids on mercury following the adsorption both by surface-tension measurements and also by dropping mercury through a vapour of known pressure and collecting the acid liberated when the drops coalesced under water. His later work on acetic acid was more extensive, and he determined isotherms over a wide range of temperatures. He gave 8-1 kcal./g.mol. and 6*1 kcal./g.mol. for heats of adsorption at molecular areas of 400 and 25 A2 respectively. However, these values for acetic acid are not reliable because the association of the vapour was neglected.
E x p e r im e n t a l
The method involved measurement of sessile drops and has been described else where (Kemball 1946) . The methods of purification and the data for determination of vapour pressure from temperature of the substances adsorbed were as follows:
Benzene. Benzene was shaken with sulphuric acid until free from thiophene; it was then washed with alkali and water, and after drying over sodium, distilled twice. I t was kept over sodium until used. Comparison with a specimen from Bureau International Etalons Physico-chimiques, Universite de Bruxelles, by ultra-violet spectra, showed th at it was over 98% pure. The physical properties of the comparison specimen were T/fJ = 1-5013 and -0-88419. The vapour pressures were calculated from the relation (1) logioP m m . Toluene. Commercial toluene was shaken with sulphuric acid until there was no further reaction. I t was then washed, dried and distilled. The boiling-point was 110*5-111*5° C/760mm. and = 1*4967. Vapour pressures were calculated from relation (1) using a = 39,189 and b = 8*330 (  Critical Tables) . n-Heptane. The heptane used was an hydrogenated Fischer-Tropsch product with = 1*3882, ( F -C) x 104 = 68 and d|° = 0*6845. When the vapour pressure resul of Mundel (1913) ( -63 to -40° C) were plotted as logp against 1/T, a straight line parallel to the straight line through the results of Young (1898) (0 to 40° C) was obtained. For calculation of the vapour pressure the straight line intermediate between the two sets of results was used.
T a b l e 1. w -H e p t a n e 25° C; surface tension of mercury = 484*2 dynes/cm. Isotherms were normally obtained at 25° and at 50° C, but in the case of benzene some measurements were made at 75° C as well. The temperature of the vapour source, vapour pressure and surface pressure are given in tables 1 and 2 for w-heptane and toluene respectively. The results for benzene are given graphically (figure 1), the curves for the other substances being similar in form. All isotherms were com pletely reversible, and the application of liquid air to the vapour supply brought the surface tension of the mercury back to the original value. I n t e r p r e t a t io n of t h e e x p e r im e n t a l r e s u l t s
Thermodynamic quantities for the adsorption
In order to obtain the standard thermodynamic quantities it was necessary to consider the surface phase a t such concentrations th at the molecules could be assumed an ideal gas, and to decide on a standard state for the surface phase. In the past this had been done by considering the surface to have a thickness r, 5-4 or 6-0A; it was then possible to convert the two-dimensional surface pressure to a three-dimensional pressure, and to take the standard state as 1 atm. The standard free energy of adsorption is then given by (2),
where p 1 referred to the bulk phase and p 2 to the surface phase. This could be com bined with the Gibbs adsorption equation (3),
where F is the surface pressure and F the surface excess. The only assumption involved in this equation is th at the bulk phase is ideal, since pressures are used instead of activities. Furthermore, the bulk phase being a vapour, it was possible to ignore the difference between surface excess and surface concentration.
Transforming F into suitable units and taking r = 6-0 A, (2) and (3) give (4) (p being measured in mm. of Hg),
dp This equation is applicable to a region of the adsorption isotherm where the adsorbed film is ideal, in fact the initial value of dF/dp is required.
The method of defining the standard state by the introduction of an arbitrary surface thickness, which is taken to be the same for all substances, appears at first sight an over-simplification. However, it is equivalent to defining the standard state on the surface as a given area per molecule, which is constant for all molecules at the same temperature, but which depends on temperature. The three-dimen sional standard state is usually 1 atm. at any temperature. At 273*1° K 1 g.mol. occupies 22*4 1. and the corresponding volume per molecule is 36,930 A3, or a t any temperature T°K the volume per molecule is given by
Taking the surface thickness as 6 A, the standard surface area per molecule is given by A = 22-53TA2, or, assuming the ideal relation F A = JcT, the standard surface pressure F is
This last means of defining the standard state is independent of temperature in the same manner as the standard pressure of 1 atm. is independent of temperature. The experimental curves for F against p were not linear even at the lowest surface pressures measured. This, and the fact th at the relative error in F was greatest at small values of F, implied large errors in any graphical method of determining the initial slope. An alternative method was therefore required to obtain the result from the curve as a whole.
The total energy of adsorption could be determined from the free energy at two or more temperatures using the Gibbs-Helmholtz equation (5),
A G -A H = T d 4^ = -T A 8 . (5) d±
Although the free energy and the entropy were dependent on the value assumed for r, the total energy was independent of such an assumption. This can be seen by substituting in (5) from (4) in the form
Bi s a constant, which leads to
The equation of state The surface monolayers may be either mobile or immobile in the sense th at the adsorbed molecules may have two-dimensional freedom or be retained a t fixed sites. In the case of activated two-dimensional migration, the apparent mobility is time dependent. Now examine the case on the assumption th at the surface layer consists of h mobile film.
The general equation of state for a gaseous surface film is a modification of the Traube equation suggested by Volmer (1925) , involving a molecular co-area,
A combination of equation (7) with the Gibbs equation (3) yields
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lnp In F + J containing two constants 6 and c,
The significance of b has been mentioned, but c is also of interest, being some measure of the free energy of adsorption. Considering two substances a t the same vapour pressure and having identical values of b, then the difference between F1 and F2 for the substances will depend on the difference between cx and c2, the smaller algebraically the value of c, the greater the value of F for a given pressure. Thus the initial slope of the F, p curve is a function of c, equation (9) . In order to test equation (8), log p /F was plotted against F which gave straight lines of slope 6/2-303&T and intercept c. As can be seen from figures 2-4, reasonable straight lines were obtained over a wide range of surface pressure. For the present only the first region of the isotherm will be considered, and the other regions where changes in the log p/F against F line occur at higher surface pressures will be discussed later.
The experimental error of the function log increases at low surface pressure, and therefore all points below about 3 dynes/cm. were ignored. To the remainder of the experimental results, the best straight lines were fitted by the method of least squares. The errors in b and c were calculated similarly. From the values of c, the standard free energies of adsorption were determined using equation (4) The total energy and entropy of adsorption were found from the free energies a t two temperatures or more directly from (11), a combination of (6) and (9),
The values calculated for the free energy, etc., of all the substances are summarized in Again examine the case on the assumption th a t the surface film is immobile, the adsorbed molecules being held on sites. In the simplest case where no interaction between neighbouring particles is assumed the Gibbs equation can be combined with th a t of Langmuir, which relates the surface concentration to the pressure of the bulk phase.
The empirical equation (12) given by Szyszkowski (1908) has been shown by Rideal (1926) to imply the juangmuir relation (13),
The method used to fit equation ( The results for w-heptane at both 25° and 50° C were subjected to this treatment, and the values of R are shown in tables 4 and 5. Heptane was chosen because of the existence of the monolayer over a comparatively large range of surface pressures. I t can be seen that R decreases throughout the adsorption, particularly in the initial stages where the calculated values of log pd iffer most mark This means either th a t the equation was not valid or else th at the packing of the molecules was constantly changing, i.e. the co-area was becoming less as the film was compressed. W ith heptane this explanation is quite possible because a t low surface pressures one would have expected the molecules to lie flat on the surface and a t high most of each molecule would have been forced off the surface. The mean limiting areas per molecule are 42*7 A2 at 25° C and 47-0 A2 a t 50° C, which are larger than the corresponding areas determined by the Volmer equation. The difference is connected with the basic assumptions. The Langmuir equation has been shown to apply when the molecules are adsorbed on to definite sites and do not interact with each other (Fowler & Guggenheim 1939) , whilst the Volmer equation depends essentially on the mobility of the molecules; thus the resistance to adsorption for the last stages of the monolayer is much greater than the resistance experienced in the case of Langmuir adsorption. Molecules in motion effectively cover a larger area of the surface. As a result over a comparatively large range of surface concentration
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T a b l e 4. A d s o r p t io n of h e p t a n e a t 25° C a Volmer expression with co-area 33-3 A2 gives the same result as a Langmuir expression with co-area 47-0 A2, i.e. the results for heptane at 50° C. To illustrate the different ways in which the adsorptions approach saturation, the calculated adsorp tions for heptane obeying the Szyszkowski equation (14), the equation (15) 
F igure 5
The heat of adsorption was obtained from the Szyszkowski equation. Differ entiating (12) dF B y 0 dp. p^O and substituting in (6) from (16),
Equation (17) gives the heat of adsorption of heptane as 12-5 kcal./g.mol. This is lower than the Volmer value of 13-4 kcal./g.mol. because the Langmuir isotherm is curved when plotted as log p /F -F, and because of the greater ra Langmuir equation was fitted in the case of adsorption at 25° C. These two factors re duce the difference between the values oi\ogpjF at = 0 for the two temperatures.
I t is clear th a t in all the cases where straight fines are obtained by plotting log against F, a Langmuir equation could be fitted, and the constant R would decrease as the adsorption proceeds. The heats of adsorption calculated from such Langmuir equations would not differ greatly from those obtained by the use of the Volmer equation, but the co-areas would be decidedly greater.
The force area curves
The methods used to interpret the results in the preceding sections have all de pended on the Gibbs equation and some other relation between the surface pressure, surface concentration or pressure of the bulk phase. However, by the use of the Gibbs equation alone it is possible to construct the force-area curves for the adsorbed substances, and although these do not give much further information about the region of monolayer adsorption, they furnish valuable information about the phase changes and the formation of second layers, which occur at higher surface pressures.
The surface pressure is a direct observation, and the area per molecule is cal culated from the curves for F against logp, using the Gibbs equation (3). An example of the F against logp curves is given in figure 6 . The slope changes rapidly a t first and then more slowly as the monolayer is completed, and further rapid changes occur a t higher pressures which will be considered below. Vol. 187. A. 5
The F A -F curves for heptane and toluene are given in figures 7 and 8. The fi portion of the curve is in all cases a straight line intercepting the FA axis at k T as required by the Volmer equation. The increase of the co-area, i.e. the slope of this straight portion of the curve, with temperature is also obvious. The main deduction from these curves is th at the films are gaseous, because, although there may be a tendency for the value of FA to dip below 400, as F is decreased, it certainly does not tend to zero. The first method of examining the change in is to calculate the isosteric heat of adsorption for fixed amounts on the surface using the van't Hoff isochore in the form (20) The second method of calculating the variation in the heat of adsorption is to refer the change in logp with temperature to the fraction of the surface covered. The surface is assumed to be covered when there is one molecule per 32-07 A2 a t 25° C and per 33-26 A2 at 50° C. The results for this method of calculation are given in table 7. In this case, allowance having been made for the change in co-area with temperature, the heat of adsorption is constant. This means th a t the increase in co-area with temperature results from the liberation of energy when two molecules approach to their equilibrium distance. The two sets of results in tables 6 and 7 confirm the conclusions reached by Wilkins (1938) , who recommended from statis tical mechanical arguments that the heat of adsorption should be calculated with respect to the fraction of the surface covered and not with respect to the amount on the surface. The difference between the result of 13-77 eal./g.mol., the mean of the results in table 7 and the value 13-4 cal./g.mol., obtained earlier by the use of the Volmer equation, is due to the fact th at the first is a heat at constant volume, and the second at constant pressure. 
T a b l e 7. V a r ia t io n i n t h e h e a t o f a d s o r p t io n of h e p t a n

D is c u s s io n o f t h e r e s u l t s fo r t h e m o n o l a y e r r e g io n
Calculations both by the Volmer equation and the Gibbs equation show th at the first region indicated by the log j p j Fc urves corresponded to The three substances were found to obey the Volmer equation (7), and the co-area was slightly dependent on temperature. The Langmuir equation was applied to the results for heptane and did not give such good agreement. The monolayers appeared to be gaseous, as the value of FA did not approach zero as F was decreased. The co-areas determined compared favourably with areas calculated from the molecular volume of the molecules in the liquid state (cf. table 8). The experimental co-areas for benzene and toluene were greater than the value from the liquid volume because they were flat on the surface. Palmer & Clark (1935) gave 36 A2 for the low-pressure area of benzene on vitreous silica, and Stewart (1929) obtained 4-70 A for the thick ness of benzene in the liquid state by X-ray diffraction, hence 31-4 A2 for the area, in agreement both with 34-4 A2 for benzene and 37*3 A2 for toluene. If the n-heptane molecules had been fully extended on the surface, they would have required about 50 A2, and the observed value of 32-7 A2 indicated th at the molecules were partially curled up, having four or five of the carbon atoms on the surface. I t is possible with models to make a heptane structure which has the same area as a benzene ring and almost five of the carbon atoms in one plane. The increase in co-area with tem perature has been discussed above and shown to imply liberation of energy by the approach of two molecules. The co-areas determined by the Volmer method were assumed to represent the actual area of the molecules, not twice the area as expected from the simple theory of molecules in a dilute gas (cf. the three-dimensional van der Waals constant b is four times the volume of the molecules). The simple treatm ent must fail as soon as the concentration of the gas is sufficiently great to get a large number of multiple collisions and must be inapplicable as soon as the surface is half covered or else infinite surface press.ure would be required to satisfy (7). The reversi bility of the adsorptions and the magnitude of the heats indicated th at only van der Waals's interaction was involved. The value of 13-4 kcal./g.mol. for w-heptane indicates the comparatively large quantity of energy that can be liberated from the adsorption of non-polar molecules. The adsorption of a benzene ring leads to an even higher heat of adsorption. This effect is not due to the additional polarizability of the benzene nucleus but to the fact that the molecule is planar and can approach more closely to the surface before the short-range repulsive forces take charge. The free energies of adsorption showed considerably less variation than the total energies.
T a b l e 8. C o -a r e a s a n d a r e a s from t h e l iq u id sta te
The adsorption of vapours on mercury The extensive work by Cassel & Salditt (1931) has been quoted and the possibility of contamination of their mercury mentioned. With non-polar substances their curves for F against p were concave to the pressure axis ; with water no adsorption occurred and with nitromethane a large pressure was required before any lowering of surface tension was detected, and then a fairly rapid lowering occurred with further increase of pressure. The alcohols showed serial changes, methyl requiring a high pressure to start affecting the surface tension, ethyl a somewhat lower pressure and so on until butyl gave an F against pc urve entirely concav In all cases once the critical pressure had been reached further increase of pressure gave marked adsorption. Their mercury must have been covered with a non-polar contamination with which non-polar compounds were completely miscible, and in which the alcohols could be adsorbed once a critical pressure was reached which was lower the greater the amount of hydrocarbon in the alcohol molecule. In pre liminary experiments with water and the lower alcohols no initial flat portion of the Fp curve has been found. The significance of the entropy values have not been discussed because it is intended to study them in conjunction with theoretical calculations to be described in the following paper.
P h a se c h a n g e s a n d se c o n d a r y l a y e r s
Monolayer adsorption has been a recognized phenomenon for some years, but whether the phenomenon of condensation involves the passing of a monolayer by stages into a 'multilayer' at relatively low values ofp/p0, or whether the monolayer persists until very near the saturation pressure, and then changes abruptly into three-dimensional condensation, has not been fully explored. One difficulty has been the porous nature of many adsorbing materials, and a second, affecting the onset of multilayer formation, the inhomogeneity of the adsorbing surfaces. Liquid mercury suffers from neither of these defects, and particular interest arises as to the interpretation of the changes observed in the isotherms at higher values of The work of Palmer & Clark (1935) and Palmer (1937 Palmer ( , 1938 on vitreous silica and of Orr (1939) on alkali halides indicated the adsorption of three to four molecular layers for high values of PlPo-Conclusions reached about adsor cannot be applied without modification to solid surfaces, but where multilayers form on mercury they are more likely to be formed on a solid surface of the same adsorbing power because of the more permanent surface of a solid surface.
In the case of n-heptane and mercury the monolayer region persists unti high surface pressure and then further adsorption occurs. This might be due either to two-dimensional condensation, to the adsorption of a second layer, or to the unrolling of the heptane molecules and adsorption end-on to the surface. The positions of the last two or three points of the FA -F curve (figure 7) depend on the way the F -logp is drawn and cannot be regarded as accurate. The FA value is about 1400 at 70 dynes/cm., whereas if the molecules had unrolled to a co-area of 20 A, the expected value would have been 1800. If a second layer of molecules, obeying a Volmer equation, were adsorbed on the first layer, the two layers might be assumed to exert separate surface pressures. If x be the fraction of the adsorbed material in the first layer and A the area per molecule from the Gibbs equation, then where Fx and F2 refer to the surface pressures of the two layers. Since
In the initial stages of the adsorption there is no second layer and the ordinary Volmer equation obeyed, i.e. (23), with x = 1. On ciently closely packed a second layer may be formed. I t is assumed th at this cannot occur until the fraction of the surface covered is fairly high or else molecules in the second layer would simply fall into the first layer. Once started, the second layer begins to fill up rapidly, i.e. x tends to \ fairly rapidly, and the last term of (23) becomes smaller with respect to kT. The relation (23) would then reduce approxi mately to the form (24),
On this view the expected value of FA for heptane at 70 dynes/cm. would be 1500.
If the heptane had condensed to a two-dimensional liquid or a vapour-expanded film the F A value would have risen from zero a t low-surface pressures and followed a line parallel to the FA for a gaseous film. An example of this for the fatty acids on water was given by Adam (1941) . If the heptane molecules unrolled to form a vapour-expanded film with a co-area of 20 A2, the F A value at = 70 dynes would be about 1400. Thus the explanation of the phenomenon observed with heptane might be either the formation of a second layer or two-dimensional condensation in the first layer.
The results with toluene appeared to indicate a different type of phase change from those found with w-heptane. The equations F(A -22-0) = kT at 25° C and F(A -24*9) = a t 50 could be fitted to the second region of the adsorption. The thermodynamic quantities for this second phase (assumed stable down to the standard state) were calculated as for the monolayer region. The free energy of adsorption was -8401 ± 20 cal./g.mol., the heat -13-1 ± 0*5kcal./g.mol. and the entropy -15-2 + 1-6 entropy units. I t is probable th a t this phase represented the adsorption end-on to the surface. The co-area of 23-5 A2 agrees with the cross-sectional area of 24 A2 given by Adam (1941) for an aromatic amine or phenol on a water surface. The energy values also confirm . this deduction, and it is possible to apply the two-dimensional Clausius-Clapeyron equation dI n ~dJr = M r2 obtaining q = 6-7 kcal. This differs from the 8-1 kcal. found by the methods outlin above because the phases are by no means perfect at the concentrations of the phase change and the Clausius-Clapeyron assumes perfect behaviour. The change which occurs a t about 53 dynes/cm. in the isotherm for benzene a t 25° C is believed to correspond to the toluene phenomenon.
The further change which occurs in the adsorption of toluene between 65 and 70 dynes/cm. must mean the formation of a second layer. I t cannot correspond to two-dimensional condensation because the area per molecule a t 80 dynes/cm. is only 15 A2. However, two layers of co-area 22 A2 would give -1300, agreeing within the experimental error with the 1200 observed. The log -F curves and the FA -F curves afford two different methods of examining all these changes. In the logp/F -F curves, the changes are made as sharp as possible by drawin straight lines and the F A -F are the result of smoothed curves. Despite experimental error and smoothing the discontinuities remain fairly sharp, a factor presumably being the homogeneous nature of the surface.
Some work by Cassel (1932) on the adsorption of carbon tetrachloride on mercury has attracted considerable attention. He claimed th at his results indicated 3*6 molecular layers as the saturation vapour pressure was approached, and, moreover, th at the first molecular layer was completed a t an extremely low value of p / p 0. However, the general form of his F -logp curve was similar to those in figure 6 , where the monolayer was not complete until a high p / p 0. Some calculations were made from his results. At the point where he claimed the adsorption of about l j layers (with 31-8 A2 as the co-area), i.e. 26 A per mol., calculation gave 137 A2 per mol. Where he claimed 3*6 layers, i.e. area 9-5 A2 per mol., calculation gave 50 A2 per mol. A possible explanation appeared when the ratio of the two sets of results was found to be close to 5-3, which is the square of 2-303, the factor for conversion from natural to logarithms to the base 10. I t would appear, therefore, th a t Cassel's results far from indicating multilayer adsorption do not even represent the com pletion of a monolayer. However, preliminary work has shown th at the adsorption of carbon tetrachloride is complicated by chemisorption and irreversibility, a fact not detected by the earlier experiments using the drop-weight method of measuring surface tension.
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